Solar electricity is a clean energy solution for Sustainable Energy. Solar photovoltaic program in India began in early 1980s. India announced the Jawaharlal Nehru National Solar Mission for accelerating solar electricity growth in 2010. A target of achieving 20,000 MW of solar electricity by 2022 has been set. This paper presents current solar energy scene in India, carries out a study of R&D indicators, and makes an assessment of research output. 'Web of Science' R&D publications from 2000-2009 in India vs. world have been analyzed. India is among the five leading countries in research publications, but in the overall analysis, India is lagging behind. The study provides a baseline in research output just before the start of the national solar mission and establishes the need for increasing R&D investment many folds for meeting the set targets.
INTRODUCTION
India's progressively increasing economic growth, with increasing population and its ever increasing energy demand, has led to harness electricity from the renewable sources of energy to most of its capacity. As per the energy technology perspectives baseline scenario 2010 of International Energy Agency, [1] India's primary energy use is expected to quadruple during . Gross domestic product is expected to increase eightfold, and CO 2 emissions would increase by almost 5 times. India's share in total global CO 2 emissions is projected to double from current 5 per cent to about 11 per cent. Solar Photovoltaic (SPV) Program of India was conceived in late 1970s in response to the world oil crisis, as one of
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the largest national programs in the world. The SPV energy development in the country begun in early 1980s with three main objectives; (1) Research on solar cell materials, (2) Development of production and manufacturing capabilities of SPV module, and (3) Promotional measures and incentives for installation of SPV electricity in strategic application areas and in remote inaccessible areas. [2] There have been several new initiatives and new incentives subsequently. The thrust was given to decentralized rural applications for agricultural water pumping, lighting as well as low temperature applications viz., cooking, drying, and other community services for improving the quality of life. [3] To address global climate change concerns arising from greenhouse gas emissions, Jawaharlal Nehru National Solar Mission (JNNSM) has been launched under the aegis of the National Action Plan on Climate Change in 2008. The mission aims to achieve landmark solar electricity capacity addition of 20,000 MW in 2022, and driving down the cost towards grid parity with coal-based thermal power in 2030. Obviously, the mission has more focus to grid connected solar power. A number of financial measures and fiscal policies have been announced. Under its phase I (2010-2013) as against the target of 1000-2000 MW grid connected (both SPV and solar thermal) and 200 MW off-grid solar electricity, besides low temperature applications, the achievements as on March 2013 are 979 MW capacity of grid connected solar power and 118 MW off-grid projects in various stages of implementation.
Phase II of the mission is just starting. When the said mission goals are met, up to 7 per cent contribution in India's total power installed capacity would come from solar energy. It would reduce the burden on coal imports by 3 percent (about 7 million tonnes/year) by 2017 and 5 percent by 2022. It would also lead to saving of 95 million tonnes of CO 2 equivalent per annum, which means 2.6 percent reduction in the overall emissions. Solar energy no doubt has a vast scope for India. Solar Photovoltaic (SPV) R&D has been receiving considerable attention of the government since the beginning. Search for new materials as well as different fabrication techniques to achieve higher efficiency and cost-effectiveness has been targeted. Early research and developments from 1985-1992 were directed towards single-junction amorphous silicon solar cell technology. The emphasis then changed to large-area multi-junction amorphous silicon solar cell development comprising of thin-film solar cells based on cadmium telluride, copper indium diselenide, and silicon thin films. [4] Hydrogenated amorphous (a-SiH), mono crystalline (mc-Si), and polycrystalline (pc-Si) silicon cells, as well as a host of other materials as III-V group compounds have been studied in the research mode for the development of solar cells. A few laboratories and academic institutions have been engaged in research on solar cell materials.
At the same time, the efforts have also been made towards development of indigenous Solar Photovoltaic (PV) production capabilities. In addition to this, government subsidies to support the deployment of SPV devices [5] like solar lanterns, home systems, pumps, and small power plants etc., have been encouraged. A standard commercial design, which could supply energy up to 30 kWh/day for use in industry or in remote location, was developed. The first grid connected 5 kW solar plant was operated at the Administrative Staff College of India, Hyderabad. The largest SPV plant capacity was of 100 kW capacity installed in Kalyanpur in Uttar Pradesh in 1992. The annual production of solar cells and photo voltaic modules in the country has since increased exponentially from 1 MW in 1990 to 10 MW in 1998, 240 MW in 2008, and 700 MW in 2012.
Several authors from India and abroad namely; Anantha et al., [6] Kajikawa et al., [7] and others have stressed on the importance of solar R&D as a rapidly growing domain in energy research. Dye-sensitized and organic solar cells have started emerging as important research materials. In the recent years, R&D thrust has shifted on improvement of the materials technology of crystalline silicon cells, development of thin-film technology, nanotechnology as well as module efficiency, development of new systems for cost reduction and improvements in balance of systems designs. To assess the current status of R&D, this paper analyses research output in solar energy in India. World research output is also studied to know where the country stands in the global scene. This assessment for the period 2000-2009 (just before the start of solar mission) provides a baseline for future growth and establishes the need for increased R&D in meeting the set targets.
Indicators for Research and Development
The Research and Development (R&D) is a systematic process to increase the stock of the knowledge of man, culture, and society at a place, which helps to devise innovation. To investigate the role of R&D in solar energy, an attempt is made here to carry out the measurement of R&D in India vis-à-vis global scene. The OCED Manual [8] not only characterizes R&D, but is the most authoritative source for providing standards of R&D definition and R&D indicators which can be applied uniformly across the countries by policy makers. The indicators for R&D INPUT are suggested as (i) R&D personal, (ii) R&D expenditure, and (iii) R&D infrastructure. Among these, data on R&D personal requires collection of information in a given timeframe, which can be classified into specific categories such as researchers, academicians, industry R&D personal and skilled workers. The R&D expenditure provides information on significant resources available as well as flow of funds. The sources of data for these are both funding agencies and those engaged in research. The R&D infrastructure requires quantifying all information in terms of standard equipment available, laboratory facilities, specialized equipment, and other ancillaries such as journals and information sources.
It has been pointed out that because of data complexity for above parameters, dynamics of R&D input is not fully understood even for developed countries. Lack of data on these input parameters in the developing countries remains a further deterrent for them to asses R&D. On the contrary, R&D OUTPUT is measurable in terms of various bibliometric parameters. Bibliographic way to measure research output is in terms of publications and patents. Among these research publications, analysis can be considered a record of the research output in a systematic manner [9] and is said to be the reflection of research activities and their results at a place. Both R&D Input and Output have strong ties.
In terms of R&D output, Georgeta et al., [10] using bibliometric analysis for solar energy have illustrated that there is a correlation between federal R&D funding and number of publications. Wilson et al., [11] has shown that patents can also be considered a result of R&D spending and a measure of technological process. From a study of R&D funding and patent per capita across USA, a linear regression and close relationships was demonstrated. Patents help in tracking globalization pattern and can be considered as intermediate step between R&D (upstream) and innovation. It has been noticed that R&D spending and output indicators can also be related for the purpose of measuring the economic efficiency of R&D/patent linkages. It has been pointed out that financial support and incentives, facilitation of technology transfer, and a large-scale research and development program are essential for technology development at a place. [12] [13] [14] The purpose of this paper is not to discuss the technology complexities and adequacy of the Frascati Manual. However, the R&D process requires to be clarified at a more disaggregate level. Instead of basic applied taxonomy scheme, [15] the process can be broken down into several steps to evaluate the exact nature of the R&D activity.
METHODOLOGY ADOPTED
The study involves scientific output in terms of research publications in solar energy with database indexed by 'Web of Science,' which is collection of online journals and academic citation index provided by Thomson Reuters. The data was downloaded from 2000-2009, and the keyword used for the search was "Solar" for measuring the research output on solar energy. 'Solar' included research specific publications related to solar cells, polycrystalline solar cells, concentrating PV, thin film, parabolic trough, solar power tower, and parabolic dish. The total number of publications as output during this period for key word "Solar" showed 27,024 records. A large number pertained to low temperature solar applications.
For examining the research output relating to materials and technologies at the world level and country level, the database included categories of "Materials science multidisciplinary" or "Energy fuels" or "Chemistry physical" or "Materials science ceramics" or "Chemistry multidisciplinary" or "Environmental sciences" or "Physics multidisciplinary" or "Materials science coatings films" or "Nanoscience nanotechnology" or "Multidisciplinary sciences" or "Engineering multidisciplinary" or "Electrochemistry" or "Chemistry applied" or "Chemistry organic" or "Polymer science" or "Engineering environmental." The publication of excluded categories was also checked one by one to avoid exclusion of any relevant paper from the search. The search was again refined as per document types. The document types included in this study was articles, proceeding papers, reviews, editorial material, meeting abstract, and book chapters.
The datasets on patents in the solar energy were obtained by using search engine (http://patinfo.nic.in/) supported by National information center (NIC), Department of information technology, Government of India. The patent search was made in single field search. The field used was "Search on title" with keyword "solar." For Indian patents, search was made in "Indian patent Search" using single field search for "Title" with keyword "solar" for the time period from 2000-2009.
RESULTS AND DISCUSSIONS
For bibliographic analysis in terms of indicators of research in solar energy Frascati manual indicator pattern has been adopted. Five types of output in terms of total number of R&D publications and patents; publications per capita; technology-wise research output; R&D infrastructure and growth trend in publications, is analyzed. Country-wise growth profile in research publications for five most productive countries is provided.
Total R&D Publications and Patents
Worldwide active research on solar energy and solar power plants effectively began in 1975 resulting from the energy crises of 1970s. The R&D publications in solar cells grew rapidly. From a study of world literature available in solar energy on research output [16] in terms of publications, it was noted that USA has been the major producer of Solar Photovoltaic (SPV) R&D output during the period 1970-1984 followed by India. In all 25 percent out of total publications i.e., 8194 appeared only on SPV. th position with total number as 1664 and had a share of 6.1 percent in the total. China, Germany, and Japan moved ahead of India. [17] Guo et al., [18] have illustrated that USA is the leading country in the area of nano-enhanced thin film solar cell R&D. It was, however, pointed out that despite being top most player of R&D, solar installed capacity in USA remained lower than Germany, Japan, and China.
In terms of numbers, these 25 countries can be grouped in four groups; USA, China, Germany, Japan, and India are leading and having more than 1500 publications. France, UK, Spain, South Korea, and Italy fell into the bracket having 1500-1000 research publications in ten years. Switzerland, Australia, Netherlands, Canada, Taiwan, Sweden, and Turkey contribution was in the third group of publications less than 1000 and more than 500. The countries namely Greece, Mexico, Russia, Brazil, Israel, Belgium, Poland, and Austria are having less than 500 papers in ten years [ Table 1 ].
In percentage of total publications, it is seen that five leading countries USA (19.71%), China (11.59%), Germany (10.56%), Japan (9.8%), and India (6.15%) together contribute 58% in the total publications. India has shown increasing trend in the research output (publications) in the emerging areas of solar PV research. However, Kostoff et al., [19] stated that institutions associated with the least cited papers in solar energy research are mostly Indian, and this has not changed with time. A small percentage of research publications from India are in collaboration with other countries, largely USA, Germany, Japan, and South Korea. 
Publications Per Capita
Total numbers of publications does not strictly showcase the research efforts of a country, but it does determine the relative research output. The R&D productivity i.e., number of publications on per capita basis shows the level of R&D output. Figure 4 shows indicative Solar energy research output in terms of publications in India on per capita basis continues to be approximately one fourth that of the world (Figure 4 ).
Technology-wise Research Output
We further analyze the publications from India vs. world in terms of solar energy technologies. Both solar photovoltaic and solar thermal technologies namely; "Monocrystalline solar cells," "Polycrystalline solar cells," "Amorphous solar cells," "Thin films cells," "Concentrating PV,", "Parabolic trough," "Solar power tower," and "Parabolic dish" are selected as keywords for the search [ Table 2 ].
It was found that yearly output of publications for thin films and amorphous cells is maximum during 2000-2009 worldwide, whereas solar thermal technologies such as; parabolic trough, central power tower, concentrating PV, and parabolic dish have began but grew with much smaller output globally. India performed well in polycrystalline, amorphous, and thin films solar cell research but lagged behind in monocrystalline photovoltaic and solar thermal technologies during the period under study.
There is hardly any research publication seen in concentrated solar PV, solar central tower, and parabolic dish from India before 2010. This may change after the launch of the national solar mission. The role of mission in encouraging greater investment and R&D than otherwise would have occurred can be inferred from a quantum jump seen in grid connected solar electricity from 8 MW in January 2010 to 979 MW in March 2013. Table 3 accounts for approximately 63 percent of total publications.
The remaining 37 percent is carried out in more than 50 other academic centers and industry.
Undeniably, the MNRE has been the largest contributor to solar R&D infrastructure and has increased its share significantly during the 11 th and 12 th Five Year Plans. The power utility National Thermal Power Corporation (NTPC) has come forward to support expansion of the solar capacity during phase I of the national mission. A new thrust to collaborative solar energy research is also being provided under PACE-R of Indo-US Clean Energy Center, besides other bilateral and multinational programs.
Trends in Growth of Publications-India vs. World
The research publications of the five most productive countries in the first half and second half of the duration under study i. In terms of research output, thin film technology is performing highest both in the world and in India. It is also seen that in India, the publication number has certainly increased, but the per capita publication is much on a lower side. Solar thermal research is yet to pick up. The patents are almost negligible during the period under study. No doubt, a robust R&D infrastructure exists in the country for taking up the challenge of solar energy development. However, research contribution is not keeping pace with the world trends. Only a few institutions are engaged in research. A compelling observation is that despite adequate human resources and infrastructure, Indian solar R&D is lagging behind. International collaborations are few.
There is a strong correlation between R&D Input and technological growth. Phase II of the mission is just started. Sustenance of financial incentives alone is becoming doubtful. The potential role of the mission in encouraging a greater investment and highest level of R&D than that would otherwise have occurred is to be seen in the light of discussions presented here. The research frontiers are moving fast. Time horizon and techniques employed are important. It is recommended that a phenomenal increase in the investment for goal-oriented and internationally collaborative solar R&D both from government and industry is made to achieve the extraordinary goal of the Jawaharlal Nehru National Solar Mission by 2022 and to take efforts further to international level.
